Introduction 44
Hebbian synaptic plasticity, widely regarded as the leading biological mechanism for 45 information storage, involves activity-dependent changes in synaptic connectivity (Malenka 46 and Bear, 2004) . Notably, these changes have a physical component and excitatory 47 postsynaptic current is highly correlated with dendritic spine volume (Matsuzaki et al., 2001) . 48
However, left unchecked activity would lead to a positive feedback loop in which changes in 49 synaptic weight are further reinforced by future events. This has been proposed to result in 50 loss of functionality of the system, by either driving synapses towards saturation, or through 51 silencing the population (Miller and MacKay, 1994) . How neurons maintain stability in the 52 face of destabilizing cellular and circuit events has been a longstanding question (LeMasson 53 et al., 1993) . One method neurons employ to resolve this is Homeostatic Synaptic Plasticity 54 (HSP) (Turrigiano et al., 1998 ), a feedback mechanism through which a population of synapses 55 can be maintained to function within optimal bounds. During HSP, a decrease in global activity 56 drives a counteracting scalar increase in synaptic strengths to bring the network into an 57 optimal functioning range, and conversely, network activity increases will promote synaptic 58 weakening (Turrigiano, 2011) . This scaling is instantiated in part by AMPA receptor trafficking 59 3 to and from the post-synaptic density, as well as through presynaptic changes which modify 60 neurotransmitter release, leading to concomitant changes in synaptic strength (Murthy et al., 61 2001; O'Brien et al., 1998) . HSP has been observed both in vitro and in vivo (Desai et al., 2002) , 62 supporting a fundamental role for this mechanism in the proper functioning of a neural 63 system. 64
It is well established that HSP modulates synaptic function; however, it is currently unknown 65 how this process also correlates with spine structural changes. Moreover, how HSP affects 66 the induction and longevity of subsequent forms of Hebbian plasticity at individual inputs 67 remains to be determined. In this study, we examine how the induction of HSP affects the 68 structure and function of hippocampal pyramidal neuron synapses, and what are the 69 consequences of these changes for future Hebbian plasticity. We find that the induction of 70 HSP through activity blockade leads to an overall increase in the size of spines, corresponding 71 to a structural scaling that matches the functional scaling of synapses. Through precise 2-72 photon mediated glutamate uncaging, we further investigate how these homeostatic 73 functional and structural plasticity changes impact the ability of individual inputs to undergo 74 subsequent plasticity. We demonstrate that after HSP, spines express increased longevity of 75 LTP, an increased growth rate after stimulation, and a reduced plasticity threshold. We find 76 that HSP enhances the magnitude of synaptic potentiation through the preferential 77 modulation of small spines and by promoting structural plasticity at clustered inputs following 78
Hebbian activity at single synapses. Together, these changes provide a mechanism by which 79 homeostatic plasticity can modulate synaptic efficacy and enhance future learning without 80 compromising previously stored information. 81
82

Results
83
Structural correlates of homeostatic plasticity 84
Hebbian plasticity at an individual input is linearly correlated with volume changes in the 85 corresponding spine (Govindarajan et al., 2011; Harvey and Svoboda, 2007; Matsuzaki et al., 86 2004 ). Since HSP is known to change the functional properties of the spine, we reasoned that 87 homeostatic modifications of efficacy would be accompanied by structural plasticity of inputs. 88
We induced HSP using prolonged activity blockade through Tetrodotoxin (TTX) inhibition of 89 sodium channels, for either 0 h, 24 h, 48 h or 72 h (Figure 1a ), as this has been shown to 90 induce scaling of synaptic strengths in a variety of systems (Karmarkar and Buonomano, 2006; 91 Turrigiano et al., 1998) . We chose to conduct our experiments in mouse hippocampal 92 organotypic slice cultures, which maintain a physiologically relevant tissue architecture and 93 are amenable to genetic manipulation. To verify that functional synaptic scaling occurred, we 94 recorded spontaneous miniature excitatory post-synaptic currents (mEPSCs) from both TTX 95 treated and Control CA1 hippocampal pyramidal neurons at 48 h after the beginning of the 96 HSP induction period (Figure 1b-d ). All recordings were performed in the presence of acute 97 TTX to block action potentials. As expected, we found a significant increase in mEPSC 98 amplitude following 48 h of activity blockade (Figure 1b 20.72 ± 0.28 pA, p = 1.55e-8 Mann Whitney). The distribution of the TTX mEPSCs scaled 100 linearly to overlay with the control distribution ( Figure 1d ), in accordance with the synaptic 101 scaling theory. We next investigated whether homeostatic plasticity leads to structural 102 modification of synapses by live, 2-photon imaging of GFP-labelled CA1 dendrites (Figure 1e ). 103
The volumes of all visible spines within the image were measured using SpineS, a custom in-104 house developed Matlab toolbox (Erdil et al., 2012) . We found that spines from chronically 105 TTX treated cells were significantly bigger than those from control cells beginning at 48 h 106 (Figure 1e,f; Control = 0.136 ± 0.0062 µm³, TTX = 0.211 ± 0.0123 µm³). Surprisingly, as opposed 107 to the linear functional scaling of mEPSCs seen in response to HSP, we found that structural 108 scaling of spine volumes at 48 h are best fit to controls with a second order equation (Figure  109 1g). This superlinear scaling resulted from a preponderance of large spines after TTX 110 treatment, for which correspondingly large mEPSCs were not observed. 111
112
After 72 h of activity blockade, synapses maintained the enhancement of mEPSC size ( Figure  113 1h; Mean ± SEM: control 72 h = 20.35 ± 0.27 pA, TTX 72 h= 22.18 ± 0.239 pA, p = 1.88e-15, 114
Mann-Whitney) and spine volume increases ( Figure 1i ; Mean ± SEM: control 72 h= 0.16 ± 115 0.0073 µm³, TTX = 0.19 ± 0.0093 µm³, p = 0.0008 Mann-Whitney). However, at this time, 116 scaling was instantiated in a linear fashion at both the level of mEPSC amplitude and spine 117 volumes (Figure 1j ,k). This suggests that the expression of functional and structural scaling 118 evolves dynamically over time in response to prolonged activity blockade. 119 120 121
Reversibility of homeostatic plasticity mediated structural changes 122
Synaptic strength modifications that occur in response to activity blockade are reversible 123 upon re-exposure of a circuit to activity (Desai et al., 2002; Wallace and Bear, 2004) . We 124 tested whether the structural changes that resulted following activity blockade were also 125 reversible when activity is restored. After 48 h of homeostatic plasticity induction, by which 126 time significant structural and functional scaling have occurred (Figure 1 ), we removed TTX 127 allowing slices to resume activity and measured spontaneous firing using whole-cell patch 128 clamp recordings (Figure 2a To exclude the possibility that the higher firing rates we observed were due to a rebound after 132 the acute withdrawal of TTX from the system, a set of control neurons were briefly incubated 133 in TTX (2-4h, named "Acute TTX condition"). This manipulation did not significantly alter firing 134 rates, which were similar to untreated controls (Figure 2c we wanted to determine whether individual inputs were able to undergo further activity-154 dependent structural plasticity. We therefore induced HSP in hippocampal slices for 48 h and 155 followed this with synaptic potentiation at visually identified dendritic spines through 2-156 photon mediated glutamate uncaging (Figure 3a to test whether size interacted with prior expression of HSP when expressing synaptic 178 potentiation and further spine growth ( Figure 3e ). We examined the amount of structural 179 plasticity expressed by spines of different initial sizes after activity blockade. We found a 180 negative correlation between a spine's initial average value and its normalized final volume 181 when the spine population had first undergone homeostatic plasticity, but not in the control 182 population, indicating that spine volume is an important modulator of the potential for 183 plasticity after HSP (Figure 3ef ; r 2 = 0.48 for TTX, p < 0.01, r 2 = 0.06 for control, p > 0.3). To 184 further examine how HSP modulates the size dependence of structural plasticity, we classified 7 spines as 'large' if their initial volume was more than 150% of the median initial volume of all 186 spines, and the remainder were placed in the 'small' category. Among the small spines, we 187 observed a significant increase in the magnitude of LTP in the TTX condition compared to the 188 controls ( Figure 3g ; p=0.046, 2-way repeated measures ANOVA). On the other hand, large 189 spines expressed a short-lasting growth that quickly decayed to baseline and was not 190 dependent on whether they had been subjected to activity blockade (Figure 3h ; p=0.70 2-way 191 repeated measures ANOVA). Therefore, small spines preferentially underwent long lasting 192 structural plasticity after HSP. We further observed that small spines, which had undergone 193 HSP, tended to show a greater degree of initial growth in response to the induction of 194 plasticity (Figure 3g , time point 0). To quantify the dynamic growth of these spines, we 195 analyzed high-speed images of the spine head taken throughout the stimulation period 196 (approximately 20 Hz) and did not observe a significant difference in the growth curves 197 between the control and TTX treated spines (Figure 4a ,b). When we examined the rate of 198 growth that each spine expressed in the first minute after the stimulation however, we found 199 that TTX treated small spines grew more than control small spines ( Figure 4c ; p = 0.018, 1-200 way ANOVA with post-hoc Tukey's), while large spines showed no difference between the 201 two conditions. Therefore, glutamate stimulation leads to a sustained growth of 202 homeostatically modified small spines, which may reflect prolonged signaling at these 203 synapses. Together, these data indicate that HSP facilitates Hebbian plasticity, and that this 204 is accomplished at the individual spine level through preferential structural plasticity of small 205 inputs. 206 207
Homeostatic plasticity facilitates the induction of Hebbian structural plasticity 208
Having observed that small spines showed enhanced responses to stimulation after 209 homeostatic plasticity, as reflected by a higher rate of growth and longer lasting structural 210 plasticity (Figure 3g and 4c), we reasoned that these inputs may respond more robustly to a 211 weaker stimulation. This is also supported by previous findings that loss of activity at 212 individual inputs lowers their threshold for subsequent plasticity (Lee et al., 2010) . To test this 213 possibility, we applied a sub-threshold stimulation that utilizes a shorter laser pulse of 1 ms vs 4 ms stimulated: p = 0.27, 2-way repeated measures ANOVA). Thus, homeostatic plasticity 227 facilitates structural plasticity by lowering the threshold for stimulation, without affecting the 228 magnitude of plasticity. In this way, HSP acts locally, in conjunction with activity, to increase 229 the likelihood that an individual synapse will participate in the encoding of information. 230
231
HSP influences structural plasticity of neighboring spines 232
In addition to modifying synaptic inputs through scaling, homeostatic plasticity can also 233 influence cellular firing rates by modulating the intrinsic excitability of neuronal membranes 234 (Desai et al., 1999) . We reasoned that such alterations could facilitate the expression of 235 structural plasticity not only at stimulated spines but also at nearby inputs within the dendritic 236 branch. To test this idea, we examined whether homeostatic plasticity altered neighboring 237 spine volume dynamics following the potentiation of single inputs. We ranked neighboring 238 spines according to their distance from the stimulated spine (with 1 representing the closest 239 neighbor to a stimulated spine) and plotted their growth dynamics for two hours following 240 the stimulation (Figure 5a ). We found that spines located in close proximity to the stimulated 241 spine increased in volume only in neurons that had first undergone homeostatic plasticity 242 (compare the first 20 spines, from 0 to 60 minutes after stimulation, Figure 5a ). We classified 243 the unstimulated neighbors as "near" or "far" -located either within or beyond 5 µm of the 244 stimulated spine respectively -and quantified spine volume changes over time (Figure 5b-d) . 245
As expected, none of the neighbors of stimulated spines changed significantly from their 246 original size in untreated neurons (Figure 5b,c) . However, after HSP, neighbors that were 247 within 5 µm of the target spine exhibited significant growth in the 5 minutes following the 248 stimulation ( Figure 5b) and remained significantly larger than more distant spines ( Figure  249   9 5b,d; p = 0.001, 2-way repeated measures ANOVA). Interestingly, farther neighbors (located 250 up to 20 µm away from the site of stimulation) tended to decrease in size for several minutes 251 following activity, although this was not significantly different from baseline (Figure 5d ). We 252 next investigated whether there was a correlation between the structural dynamics of each 253 stimulated spine and its neighbors. We calculated correlation coefficients between the demonstrate that this form of modulation facilitates subsequent structural plasticity at single 279 synapses and that this effect preferentially occurs at smaller inputs. After HSP, activity elicits 280 a faster growth rate at these spines, and converts an otherwise subthreshold stimulation into 281 one that is now capable of eliciting structural plasticity. Interestingly, we find that the 282 induction of Hebbian plasticity on a background of homeostatic plasticity leads to 283 compromised input specificity, as neighboring spines grow when they are located in close 284 proximity to a stimulated synapse. Taken together, our results show that homeostatic 285 plasticity can modulate a neuron's response to activity by facilitating the sensitivity of smaller 286 inputs and inducing structural plasticity at neighboring synapses. 287
The structural scaling that we observe after 48 hours of activity blockade results in a 288 non-linear upscaling of spines and an increased number of large spines (Figure 1g ). By 72 289 hours, this structural scaling becomes linear (Figure 1k ), suggesting that the initial changes 290 may represent a physical overshooting of the target size. This has also been observed on short 291 timescales following glutamate stimulation of single spines, where an initial large volume 292 change is followed by stabilization of the spine at a more modest size (Matsuzaki et al., 2004) . 293
Upon the reinstatement of activity, we find that spines return to their original size as firing 294 patterns normalize by 48 hours (Figure 2c Hebbian structural plasticity, large spines being more stable and requiring stronger 304 stimulation in order to be potentiated (Govindarajan et al., 2011; Matsuzaki et al., 2004) . We 305 probed plasticity with glutamate uncaging and found that HSP leads to structural plasticity 306 lasting over two hours preferentially at small spines, while control spines decay to baseline 307 after one hour (Figure 3g,h) . This suggests that a long lasting, protein synthesis dependent 308 form of Hebbian plasticity was induced at these inputs (Govindarajan et al., 2011) , supported 309 by recent findings that TTX-mediated activity blockade leads to the specific production of 310 plasticity related proteins (Schanzenbacher et al., 2018) . Closer examination of the structural 311 plasticity we induced revealed that the population of small spines express the majority of the 312 growth, while large spines remain stable (Figure 3g,h) . This result implies that plasticity at 313 large spines is saturated after homeostatic modifications, and that their threshold for 314 structural plasticity is not altered by HSP. 315
Upon stimulation, we did not observe a significant difference in the magnitude of the 316 potentiation that spines expressed, nor in their immediate response to the stimulation itself, 317 but rather we found that spines post-HSP express a significantly faster growth rate compared 318 to their counterparts in the first minute after stimulation (Figure 4a-c) . This enhanced 319 response may be due to amplified signaling cascades shared between these forms of plasticity 320 (Fernandes and Carvalho, 2016) , which could facilitate the induction of long lasting structural 321 plasticity. It was therefore not surprising to find that a subthreshold stimulation elicits long 322 lasting growth only at inputs that have undergone homeostatic plasticity (Figure 4 d, to be more easily potentiated. This may serve as a first step in the physical arrangement of 360 synapses into clusters. The broader consequence of this could be the binding together of 361 information of varying saliencies, within a delimited region, into the same engram. 362
Our finding that synaptic threshold modulation after HSP is implemented at small, 363 rather than at large spines, and in a reversible manner, suggests that synaptic scaling 364 mechanisms are separable from plasticity mechanisms. However, by promoting long-lasting 365 plasticity at select spines, and potentiating unstimulated neighboring spines within a 366 delimited dendritic region, homeostatic plasticity may interact with and reduce the input 367 specific nature of Hebbian plasticity, enhance the clustering of synaptic inputs, and shape the 368 long-term organization of neural circuits. In this way, despite the global nature of homeostatic 369 plasticity, inputs may be locally modulated in an activity-dependent manner. 370 
Materials and Methods
Homeostatic plasticity induction by activity block
388
TTX (1 µM) was added to the culture media at 7-9 DIV. The day of application was then 389 designated day 0 for experiments. Control experiments were maintained in normal culture 390 media, and were age-and animal-matched to treated slices for experiments. 391
Patch Clamp Electrophysiology
392
Hippocampal slice cultures were perfused continuously with aCSF (as above, with the addition 393 of 0.5 µM TTX for all mEPSC recordings) for a pre-incubation period of 15 to 30 min. Whole 394 cell voltage-clamp recordings were performed in CA1 pyramidal neurons, using 7-8 MΩ 395 electrodes. For mEPSC recordings, the internal solution contained 135 mM Cs-396 methanesulfonate, 10 mM CsCl, 10 mM HEPES, 5 mM EGTA, 2 mM MgCl2, 4 mM Na-ATP and 397 0.1 mM Na-GTP, with the pH adjusted to 7.2 with KOH, at 290-295 mOsm. Cells were voltage 398 clamped at -65 mV. Cellular recordings in which series resistance was higher than 25 mV were 399 discarded. Stability was assessed throughout the experiment, with cells whose series 400 resistance changed more than 30% being discarded. mEPSCs recordings were started 3 401 minutes after break-in and continued for 10 minutes. Signals were acquired using a 402
Multiclamp 700B amplifier (Molecular Devices), and data was digitized with a Digidata 1440 403 at 3 kHz. mEPSC events were detected off-line using Mini-Analysis Program (Synaptosoft). 404
Events smaller than 15 pA fell within the range of noise in the system and were not included 405 in the analysis. For spontaneous activity recordings, slices were perfused continuously with 406 aCSF without the addition of TTX for a pre-incubation period of 5 to 10 min. The internal 407 solution for the electrodes contained 136.5 mM K-Gluconate, 9 mM NaCl, 17.5 mM KCl, 10 408 mM HEPES, 0.2 mM EGTA, and 0.025 mM Alexa 594, with the pH adjusted to 7.2 with KOH, 409 at 280-290 mOsm. In current clamp with no external current applied, an IV curve was first 410 recorded to check for spike frequency accommodation in order to validate the identity of 411 pyramidal neurons. Spiking events were then recorded for a period of 6-9 minutes. The 412 addition of Alexa-594 allowed cells to be imaged post-recording. 413
Two-photon Imaging
414
Two-photon imaging was performed on a BX61WI Olympus microscope, using a 415 galvanometer-based scanning system (Prairie Technologies /Bruker) with a Ti:sapphire laser 416 (910 nm for imaging AFP; Coherent), controlled by PrairieView software (Prairie 417 Technologies). Slices were perfused with oxygenated aCSF containing 127 mM NaCl, 2.5 mM 418
KCl, 25 mM NaHCO3, 1.25 mM NaH2PO4, 25 mM D-glucose, 2 mM CaCl2, 1 mM MgCl2 and 0.5 419 µM TTX (equilibrated with O2 95%/CO2 5%) at room temperature, at a rate of 1.5 ml/min. 420 Secondary or tertiary apical dendrites of CA1 neurons (where the apical trunk is counted as 421 the primary branch) were imaged using a water immersion objective (60x, 1.0 NA, Olympus 422
LUMPlan FLN) with a digital zoom of 8x. For each neuron, 2-3 dendrites were imaged. Z-stacks 423 Uncaging experiments (Pettit et al., 1997) and caged glutamate calibration were carried out 430 as previously described (Govindarajan et al., 2011) , and briefly as follows. MNI-caged-L-431 glutamate (MNI-Glu) (Tocris) was reconstituted in the dark in aCSF lacking MgCl2 or CaCl2 to 432 make a 10 mM stock solution. Individual aliquots were diluted to the working concentration 433 of 2.5 mM MNI-Glu in uncaging aCSF (see below), in 3 ml volumes. We tested each batch of 434 reconstituted MNI-Glu as previously described (Govindarajan et al., 2011) . Briefly, five 435 uncaging test pulses of 1 ms were delivered to single spines and evoked EPSCs were measured 436 by whole cell patch clamp recordings. We compared these to spontaneous mEPSCs, and 437 between the neighboring spine and the stimulated spine. e) Linear regression control: r 2 = 721 0.003, p = 0.641. f) Linear regression TTX: r 2 = 0.156, ***p = 3.91e-05). 722
